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Little is known of the prevalence of Cryptosporidium and Giardia parasites in sheep and the genotypes that
they harbor, although potentially sheep may contribute signiﬁcantly to contamination of watersheds. In the
present study, conducted in Western Australia, a total of 1,647 sheep fecal samples were screened for the
presence of Cryptosporidium and Giardia spp. using microscopy, and a subset (n   500) were screened by PCR
and genotyped. Analysis revealed that although both parasites were detected in a high proportion of samples
by PCR (44% and 26% for Giardia and Cryptosporidium spp., respectively), with the exception of one Crypto-
sporidium hominis isolate, the majority of isolates genotyped are not commonly found in humans. These results
suggest that the public health risk of sheep-derived Cryptosporidium and Giardia spp. in catchment areas and
efﬂuent may be overestimated and warrant further investigation.
The protozoan parasite genus Cryptosporidium has been
identiﬁed as the cause of numerous outbreaks of diarrheal
disease in humans and animals worldwide (15). At present, 14
species of Cryptosporidium are regarded as valid on the basis of
differences in oocyst morphology, site of infection, vertebrate
class speciﬁcity, and genetic differences: C. muris in rodents; C.
andersoni in cattle; C. parvum in cattle, humans and other
mammals; C. suis in pigs; C. hominis in humans; C. meleagridis
in birds and humans, C. baileyi and C. galli in birds; C. serpentis
and C. saurophilum in snakes and lizards; C. molnari in ﬁsh; C.
wrairi from guinea pigs; C. felis in cats; and C. canis in dogs (3,
15, 16, 19, 23, 31, 33, 42).
Giardia duodenalis is the most common intestinal parasite of
humans and livestock worldwide (37, 38). There are several
major genotypes; genotype A is found in humans, other pri-
mates, and livestock, and genotype B is found in humans and
other primates. The livestock genotype is found in cattle,
sheep, and pigs, the dog genotype is found in dogs, and the
rodent genotype is found in rats (37–39).
The genotypes of Cryptosporidium and Giardia spp. that are
harbored in sheep and other farmed animals have not been
widely reported but it has been assumed that for Cryptospo-
ridium spp. at least, oocysts in the size range of 4 to 6  m are
C. parvum (cattle genotype). There is now strong evidence
however that there are numerous genetically distinct Crypto-
sporidium genotypes which are morphologically identical to C.
parvum, but which differ in their zoonotic potential and are
likely to be cryptic species (23, 41, 42). As sheep may poten-
tially contribute signiﬁcantly to contamination of watersheds,
more information on the transmission dynamics of Cryptospo-
ridium and Giardia spp. is urgently required. The aim of this
study was to determine the prevalence of both parasites in
sheep and their relationship to diarrhea and to identify which
genotypes are present.
MATERIALS AND METHODS
Sampling. A survey of parasites in sheep sent for slaughter at the Fletcher
International abattoir at Narrikup, on the south coast of Western Australia, was
conducted from September 2002 to January 2003. Fecal samples were taken each
day from six lines of sheep selected at random, except that preference for
sampling was given to lines showing evidence of scouring (diarrhea). A line of
sheep was deﬁned as a group of 50 or more sheep consigned from an identiﬁed
source. Lines were classiﬁed as either scouring (at least 10 animals showing
evidence of active or recent diarrhea) or nonscouring. From all lines, fecal
samples were taken from 10 individual nonscouring animals, and in scouring
lines, an additional 10 scouring sheep were sampled. Lambs were categorized as
less than 12 months of age, and adults as older than 12 months.
Microscopy. A total of 1,647 sheep fecal samples were screened for the pres-
ence of Cryptosporidium and Giardia spp. using microscopy. Due to the large
numbers of samples to be analyzed, fecal samples from individual lines were
pooled (ﬁve samples per pool). If positives were detected, individual samples
were analyzed. Microscopy for Cryptosporidium spp. was carried out using mal-
achite green negative staining (12) and saturated salt ﬂotation was used for the
detection of Giardia spp. (18).
Statistical analysis. Chi-square, risk analysis, and nonparametric tests were
performed using SPSS 11.0 (Statistical Package for the Social Sciences) for
Macintosh OS X (SPSS Inc., Chicago, Ill.). The association between the presence
of the protozoa and age categories or the presence of diarrhea was assessed by
calculating odds ratios and their 95% conﬁdence intervals.
DNA extraction and PCR ampliﬁcation. A subset of 500 isolates taken at
random were screened by PCR for Cryptosporidium and Giardia spp. at the 18S
locus. Total DNA was puriﬁed from 500 fecal samples using a QiAmp stool kit
(QIAGEN, Hilden, Germany). A two-step nested PCR protocol was used to
amplify the Giardia 18S rRNA gene and the Cryptosporidium 18S rRNA gene as
previously described (18, 32). A subset of Cryptosporidium-positive isolates were
also analyzed at the HSP-70 locus as previously described (22).
Sequencing. PCR products were puriﬁed using QIAGEN spin columns (QIA-
GEN, Hilden, Germany) and sequenced using an ABI Big Dye Terminator Cycle
Sequencing kit (Applied Biosystems, Foster City, CA) according to the manu-
facturer’s instructions. Sequences were analyzed using SeqEd v1.0.3. (Applied
Biosystems, Foster City, CA).
Phylogenetic analyses. Nucleotide sequences were aligned using Clustal X
(36). Phylogenetic analysis was performed using Treecon version 1.3b (http:
//www.psb.rug.ac.be/bioinformatics/psb/Userman/treeconw.html), based on evo-
lutionary distances calculated with the Tamura Nei model. In the construction of
Cryptosporidium neighbor-joining trees, a sequence of Eimeria bovis (U77084)
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4992was used as an outgroup for the 18S rRNA analysis and a sequence of Plasmo-
dium falciparum (M19753) was used for the HSP-70 gene analysis. Giardia ardeae
(Z17210) was used as an outgroup for the Giardia neighbor-joining tree. The
conﬁdence of grouping was assessed by bootstrapping, using 1,000 replicates.
Nucleotide sequence accession number. The nucleotide sequence of the novel
Cryptosporidium genotype has been deposited in GenBank under accession num-
ber AY898790.
RESULTS
Microscopy. Microscopy detected a total of 43 positives for
Cryptosporidium spp. (2.6%) and 144 positives for Giardia spp.
(8.7%). Mixed infections were detected in 0.4% of samples by
microscopy (Table 1).
PCR. Of the 500 isolates that were screened by PCR for
Cryptosporidium and Giardia spp. at the 18S rRNA locus, 131
were positive for Cryptosporidium spp. (a prevalence of 26.2%)
and 220 were positive for Giardia spp. (a prevalence of 44%).
Mixed infections were detected in 4% of samples by PCR
(Table 1).
Statistical analysis. Lines of lambs were 3.7 times more
likely to be positive for Cryptosporidium spp. than adult lines
(95% conﬁdence interval: 1.5 to 9.3), and 7.0 times more likely
to be positive for Giardia spp. than adult sheep (95% conﬁ-
dence interval: 4.1 to 11.9). Although Cryptosporidium and
Giardia spp. were more likely to be detected in lambs, lines of
adult sheep positive for Cryptosporidium spp. were 9.7 times
more likely to be scouring than negative lines (odds ratio 95%
conﬁdence interval: 2.3 to 41.6), and lines positive for Giardia
spp. were 3.1 times more likely to be scouring than lines in
which Giardia spp. were not detected (95% conﬁdence inter-
val: 1.2 to 8.2). There was no signiﬁcant relationship between
diarrhea and Cryptosporidium or Giardia spp. in lambs.
Genotyping. Sequence analysis of 60 Cryptosporidium-posi-
tive isolates identiﬁed eight distinct genotypes/species of Cryp-
tosporidium spp. at the 18S rRNA locus; C. hominis (one iso-
late), C. andersoni (one isolate), the cervid genotype (33
isolates), the bovine B genotype (14 isolates), the marsupial
genotype (four isolates), the pig genotype II (four isolates), C.
suis (two isolates ), and a novel unidentiﬁed genotype (one
isolate) (Fig. 1).
Sequence analysis of a subset of these isolates (32 of 60) at
the HSP-70 locus identiﬁed seven distinct genotypes/species of
Cryptosporidium; the cervid genotype (20 isolates), the bovine
B genotype (four isolates), the marsupial genotype (two iso-
lates), C. suis (two isolates) the pig genotype II (two isolates),
C. hominis (one isolate) and C. andersoni (one isolate). The
novel genotype failed to amplify at the HSP-70 locus (Fig. 2).
Sequence analysis of 46 Giardia isolates at the 18S rRNA
locus identiﬁed the majority of genotypes as belonging to the
livestock genotype (33 isolates) and assemblage A (11 isolates)
and with two isolates (695-1 and 695-10) which exhibited some
genetic differences but grouped most closely with the livestock
genotype (Fig. 3).
DISCUSSION
The prevalence and pathogenic signiﬁcance and production
effects of protozoan infections in sheep have received compar-
atively little attention in Australia and other nations. Previous
studies that have been conducted on the prevalence of Cryp-
tosporidium and Giardia spp. in sheep based on microscopy
have reported prevalences ranging from 6.2% to 68.6% for
Giardia spp. (6, 10, 25, 35) and 10.1% to 68.3% for Cryptospo-
ridium spp. (1, 7, 15, 20, 21, 26).
In the present study, PCR detection was much more sensi-
tive than microscopy; Giardia was detected in 8.7% (144 of
1,647) of samples by microscopy versus 45.5% (67 of 147) by
PCR and Cryptosporidium was detected in 2.6% (43 of 1,647)
of samples by microscopy versus 26.25% (63 of 240) by PCR.
The disparity between the microscopy and PCR results could
have been affected by the fact that samples were pooled for
microscopy thereby reducing the sensitivity. However, prior to
screening, fecal samples were spiked with known numbers of
oocysts/cysts and then pooled and examined. Results revealed
that pooling did not appear to signiﬁcantly alter the sensitivity
(data not shown). Another reason for the disparity could also
be that shedding of Giardia and Cryptosporidium spp. is often
sporadic and in low numbers, which can make microscopy
difﬁcult (12).
Cryptosporidium parvum and C. hominis are responsible for
most human infections (23) and it has been assumed that the
majority of Cryptosporidium infections in farmed animals that
had oocysts in the size range of 4 to 6  m were due to C.
parvum (cattle genotype) and that farm animals represent an
important zoonotic reservoir for human cryptosporidiosis. The
present study suggests that this may not always be the case, as
the zoonotic C. parvum (cattle genotype), which has previously
been assumed to be the most common species in sheep (15),
was not detected in any of the 60 isolates sequenced. The most
common Cryptosporidium genotypes identiﬁed were the cervid
genotype (33 isolates) and the novel bovine B genotype (14
isolates). Both genotypes are genetically very distinct and the
cervid genotype appears to have a wide host range, including
one report in a human and another in a primate (9, 27, 32, 41).
The novel bovine B genotype was ﬁrst identiﬁed in cattle in the
USA in 2002 (34, 41), little is known of its prevalence or
distribution. This is the ﬁrst report of this genotype in sheep.
Cryptosporidium andersoni was identiﬁed in one sample
(694-18). This is the ﬁrst report of C. andersoni in Australia
and also the ﬁrst report of this species in sheep. Cryptospo-
ridium andersoni is not known to be zoonotic but as C. ander-
TABLE 1. PCR and genotyping results for Cryptosporidium
and Giardia spp.
Parasite genus
% Positive
(no. positive/total) Species/genotype (no.)
Microscopy PCR
Giardia 8.7 (144/1,647) 44 (220/500) Livestock genotype (33)
Assemblage A (11)
Unknown genotype (2)
Cryptosporidium 2.6 (43/1,647) 26.2 (131/500) Cervid genotype (33)
New bovine B genotype
(14)
Pig genotype II (4)
Marsupial genotype (4)
C. suis (2)
C. andersoni (1)
C. hominis (1)
Unknown genotype (1)
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duced weight gain (19), its ﬁnding in Australian sheep is
signiﬁcant and warrants further investigation.
An unknown genotype was identiﬁed in one sample (704-2).
This genotype is genetically distinct and may represent a new
species of Cryptosporidium. Further studies are required to
conﬁrm this. Recent research in the United Kingdom has also
identiﬁed a novel genotype of Cryptosporidium in sheep (8).
PCR-restriction fragment length polymorphism analysis of the
Cryptosporidium oocyst wall protein (COWP) gene identiﬁed
the novel genotype in 26 of 60 (43%) isolates sampled (8).
Sequence analysis of the COWP gene showed the novel isolate
to differ from other Cryptosporidium species and C. parvum
isolates by 7 to 21%. The sheep in which the novel isolate was
identiﬁed were healthy and showed no symptoms of crypto-
sporidiosis (8). Unfortunately, it is not possible to compare the
sequences found in the United Kingdom study with those
found in the present study as different genetic loci were se-
quenced.
Cryptosporidium hominis was detected in one isolate (694-
17). This is the ﬁrst report, to our knowledge, of a natural C.
hominis infection in sheep, although recently, several groups
have shown that lambs can be experimentally infected with C.
hominis (2, 11, 17). Cryptosporidium hominis is the only Cryp-
tosporidium species/genotype detected in the present study that
is known to regularly infect humans (42) and as only one
isolate was identiﬁed, this indicates that the public health risk
from contamination of catchment areas, efﬂuent and also ab-
attoirs is probably low.
Sequence analysis of 46 Giardia isolates at the 18S rRNA
locus identiﬁed the majority of genotypes as belonging to the
livestock genotype (33 isolates) and assemblage A (11 isolates)
and with two isolates (695-1 and 695-10) which exhibited some
genetic differences but grouped most closely with the livestock
FIG. 1. Phylogenetic relationships of Cryptosporidium isolates inferred by neighbor joining analysis of Tamura Nei distances calculated from
pairwise comparisons of the 18S rRNA sequences. Percent bootstrap support ( 70%) from 1,000 replicate samples is indicated at the left of the
supported node.
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VOL. 71, 2005 ZOONOTIC RESERVOIRS FOR CRYPTOSPORIDIUM AND GIARDIA 4995genotype. The livestock genotype is commonly found in cattle
and other hoofed animals including sheep (5, 14, 24) and is not
considered zoonotic (37, 38). Assemblage A is geographically
the most widespread genotype and as it has been identiﬁed
previously in both livestock (including sheep) and humans, it is
thought to be zoonotic (13, 38). PCR-restriction fragment
length polymorphism analysis of trophozoite variant surface
proteins has also identiﬁed a novel genotype in sheep (13).
The results also indicated that both parasites may play a
potential role as pathogens in sheep as there was a signiﬁcant
association between lines of adult sheep that were positive for
Cryptosporidium or Giardia spp. and diarrhea. It was not pos-
sible to determine if the diarrhea could be attributed entirely
to Cryptosporidium or Giardia spp., as the presence of viruses
or bacteria were not tested for. However, a study in Canada
reported that Giardia infection in speciﬁc-pathogen-free sheep
was associated with a decrease in rate of weight gain and
impairment in feed efﬁciency. In addition, time to reach
slaughter weight was extended in infected lambs, and the car-
cass weight of Giardia-infected lambs was lower than that of
control lambs (25). The authors concluded that “giardiasis in
domestic ruminants is an economically important disease, thus
necessitating control or elimination of the infection.” In Aus-
tralia there has been little previous indication of a major prob-
lem, but both subclinical effects and unrecognized disease out-
breaks are likely in some circumstances. Whether these
infections have an unrecognized but occasionally costly sheep
production impact in Australia has yet to be determined.
In conclusion, the majority of Cryptosporidium ( 98%) and
Giardia ( 76%) isolates genotyped as part of this study are not
known to commonly infect humans. This result is surprising, as
sheep have often been assumed to be an important reservoir
for human infection via both direct transmission and contam-
ination of water catchment areas, efﬂuent, and possibly abat-
toirs. These results highlight the importance of genotyping
analysis as there are signiﬁcant differences in the zoonotic risk
between genotypes and therefore hazard analysis critical con-
trol point analysis based on data from microscopy alone could
signiﬁcantly overestimate the risk of human cryptosporidiosis
and giardiasis from sheep-derived protozoan contamination of
catchments, efﬂuents, and abattoirs.
This is further supported by recent studies in the United
States and Australia which reported that mammals and mar-
supials in watersheds excreted host-adapted Cryptosporidium
oocysts not known to be of signiﬁcant public health importance
and that the potential role of wildlife in the transmission of
human Cryptosporidium infection had been overestimated (30,
43). This is also in agreement with the previous ﬁnding of only
wildlife Cryptosporidium genotypes in runoff (storm water) in
feral areas in the United States (40). Another study which
examined 971 fecal specimens from 15 dairy farms in seven
states on the east coast of the United States revealed that C.
parvum (cattle genotype) constituted 85% of the Cryptospo-
ridium infections in preweaned calves but only 1% of the Cryp-
tosporidium infections in postweaned calves (the bovine B ge-
notype and a novel deer-like genotype constituted 86% and the
remaining 13% were C. andersoni) (34).
In addition, the detection of C. parvum in humans does not
always indicate a zoonotic source, as the results of recent
subtyping studies have shown the presence of a human-
adapted C. parvum subtype which has been widely found in
humans in South Africa, Portugal, the United States, and Peru,
but which has never been found in animals (4, 28, 29, 42). A
limitation of the present study is that preweaned lambs were
not included and it is possible, as with the recent study con-
ducted in cattle in the United States, that C. parvum is the most
FIG. 3. Phylogenetic relationships of Giardia isolates inferred by neighbor joining analysis of Tamura Nei distances calculated from pairwise
comparisons of the 18S rRNA sequences. Percent bootstrap support ( 70%) from 1,000 replicate samples is indicated at the left of the supported
node.
4996 RYAN ET AL. APPL.E NVIRON.M ICROBIOL.prevalent species in preweaned lambs. Further studies are re-
quired to determine the prevalence of Cryptosporidium and
Giardia genotypes in all age groups of sheep and lambs, the
zoonotic risk they pose, and the extent of economic loss asso-
ciated with these genotypes.
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